Introduction: Pathological bone changes differ considerably between inflammatory arthritic diseases and most studies have focused on bone erosion. Collagen-induced arthritis (CIA) is a model for rheumatoid arthritis, which, in addition to bone erosion, demonstrates bone formation at the time of clinical manifestations. The objective of this study was to use this model to characterise the histological and molecular changes in bone remodelling, and relate these to the clinical disease development.
Introduction
Inflammatory arthritis is characterised by joint destruction, often resulting in severe distortion of the joint architecture, and leading to impaired function of the joints. The balance between anabolic and catabolic bone remodelling, however, differs between the inflammatory arthritic diseases rheumatoid arthritis (RA), psoriatic arthritis (PsA), and ankylosing spondylitis (AS). While RA primarily is an erosive disease, bone erosion and bone formation co-exist in patients with PsA and AS [1] . Why the bone responds differently to an inflammatory insult is not clarified, but may be important in directing future treatment strategies.
Collagen-induced arthritis (CIA) is a model for RA both due to its construct validity, including autoimmune reaction to collagen type II and MHC class II dependency, and due to its face validity, that is severe bone destruction. Moreover, disease development ends in bony fusion (ankylosis) of the destroyed joints, which could make it a relevant model for bone-forming inflammatory arthritic diseases.
Bone formation in CIA has been described as starting two to four weeks after onset of arthritis, but mainly playing a role in the healing state two to three months after onset [2] . However, in a kinetic study of new bone formation in CIA and adjuvant-induced arthritis (AIA) in rat, periosteal proliferation was reported as early as day 3 (CIA) and day 5 (AIA) after onset of arthritis, and new bone formation peaked at day 27 in both models [3] .
Bone formation may occur directly within the mesenchyme (intramembranous) or via a cartilage scaffold (endochondral ossification). In both processes, the extracellular matrix (ECM) is mineralised. In particular two pathways have been implicated in osteoblast differentiation and bone formation: the bone morphogenetic protein (BMP) signalling pathway, of which several proteins induce ectopic bone formation [4] , and the wingless-type (WNT) signalling pathway [5] .
With the aim to understand the molecular mechanisms linking inflammation with new bone formation, the present study was initiated to histologically characterise bone remodelling in the CIA model throughout the disease course, and to relate this to gene expression. To minimise variation between the data and enable correlation to clinical duration of arthritis, we used tarsal joints with a clinical score of 3. By grouping the tarsal joints according to onset and duration of symptoms, we show that the process of bone formation runs in parallel with the local inflammatory process in the joint, with a concomitant differential expression of genes involved in bone remodelling.
Methods

Animal model
Arthritis was induced in male DBA/1JBom mice by intradermal injection of 100 μl chicken collagen type II (CII) (2 mg/ml) (Sigma-Aldrich, St Louis, MO, USA) in complete Freund's adjuvant (CFA) (0.5 mg/ml) (SigmaAldrich) on day 1 and boosted on day 21 with CII in incomplete Freund's adjuvant (IFA) (Sigma-Aldrich). The control group received CFA and IFA without collagen, respectively. The mice were scored for onset, severity and duration of arthritis in the tarsal joints. Severity in this joint was scored from 0 (no erythema or swelling) to 3 (severe erythema and swelling). Tarsal joints were collected for histology and gene expression analysis. The mice were, in addition, assigned a total score for all four paws (with a theoretical maximum of 24 points for all paws). This additional scoring system was used to judge when the animals should be euthanized as required by Danish legislation (score exceeding 10 points). The mice were housed under standard conditions, and provided pellets and water ad libitum. The Danish Ethics Authorities 'The Animal Experiments Inspectorate' approved the studies (permit number: 2008/561 − 1532).
Histology
Fifty-two tarsal joints were collected for histology. The tarsal joints were divided into groups according to duration of arthritis in the joint: day 0 to 3, day 4 to 7, week 1 to 2, > 2 weeks, and > 2 weeks with declining inflammation ('declined'). In the group 'declined' the joints previously had a clinical score of 3 for minimum two weeks, after which the clinical score had declined > 1 score at the time the joint was sampled. For all other joints, the clinical score was 3 at the sampling time. For number of joints per time-point, see Table S2A in Additional file 1. The joints were fixed in formalin and decalcified in 10% Na-EDTA for two to three weeks.
Haematoxylin and eosin-stained sections were assigned a score for bone erosion, bone formation, synovitis, tendinitis, and peritendinitis. Bone remodelling was judged by the degree of modulation of joint structure, presence of osteoclasts (OCs) and osteoblasts (OBs), and formation of cartilage and woven bone ( Figure S1 in Additional file 2). Synovitis, tendinitis and peritendinitis were scored by the degree of infiltrating cells and fibrosis. All features were scored from 0 (no pathologic changes) to 4 (severe pathologic changes).
RNA extraction and microarray analysis
Three tarsal joints were sampled per group (twelve joints in total). For the group 'More than two weeks, with declined inflammation' the joints had had a clinical score of 3 for minimum two weeks, after which the clinical score had declined > 1 score at the time for sampling. For all other joints, the clinical score was 3 when sampled (Table S2B in Additional file 1). The twelve joints were compared to three joints from non-immunised control animals. The joints were processed and analysed separately (unpooled). Skin, visible muscle tissue and fur were removed and tarsal joints collected by transverse sectioning of the metatarsus bones and the tibia/fibula under the fur border. This procedure ensured that all joints in the tarsus were included in each sample. Except for the skin and visible muscle, all other soft tissues were included in the sample. The joints were subsequently snap-frozen in liquid N 2 and stored at −80°C. RNA was extracted using the mirVana ™ miRNA isolation kit (Ambion, Exiqon A/S, Vedbaek Denmark), amplified and labelled using the Pico amplification kit (Nugen Technologies, San Carlos, CA, USA), according to the manufacturers' instructions, followed by hybridisation to Mouse Gene 1.0ST microarrays (Affymetrix, Santa Clara, CA, USA).
The quality of the RNA was evaluated using the RNA integrity number (RIN), and only samples with RIN >8.3 were included for further analysis.
Arrays were normalized using RMA background correction and quantile normalisation in R v.2.15 (Additional file 3). Significance of differentially expressed genes was assessed by analysis of variance (ANOVA), and adjusted for multiple testing by estimating false discovery rates (FDR). Data visualisation was performed in Qlucore Omics Explorer v.2.2 (Qlucore AB, Lund, Sweden). The expression data are deposited in Gene Expression Omnibus [6] ; accession number: Series record GSE61140).
Functional analysis and network representation of differentially expressed genes was performed in Ingenuity Pathway Analysis (IPA, Ingenuity ™ Systems). Gene expression levels are indicated in the IPA networks as red (upregulated) or green (downregulated) in comparison to non-induced controls.
The differentially regulated genes assigned to Bio Functions of bone and skeleton, were used to compile a comprehensive list of genes potentially involved in bone remodelling in the CIA model.
Quantitative PCR
For qPCR analysis of Bmp1, RNA (90 ng per reaction) was reverse transcribed to cDNA using the High Capacity cDNA Reverse Transcription kit (Applied Biosystems, Carlsbad, CA, USA). qPCR was performed with TaqMan Universal PCR Mastermix (Applied Biosystems, USA) and primer-assays Bmp1 Mm00802225_m1 and Gapdh Mm99999915_g1 (Applied Biosystems, USA). PCR was initiated at 50°C for 2 minutes and 95°C for 10 minutes, and the cycling conditions were 95°C for 15 seconds and 60°C for 1 minute (40 cycles). For the remaining 14 genes (Table S4 in Additional file 4), qPCR analysis was performed by AROS Applied Biotechnology A/S (Aarhus, Denmark). cDNA was prepared from 100 ng RNA/sample using the High Capacity cRNA Reverse Transcription kit (Applied Biosystems, USA) and the qPCR reaction was performed with TaqMan ™ Universal PCR Master Mix (Applied Biosystems, USA). Assay IDs for the specific primer/probe sets (Life Technologies, Carlsbad, CA, USA) are listed in Table S4 in Additional file 4. Samples were analysed as triplicates and normalized by subtraction of the sample mean Ct value from that of the mean Ct value of the housekeeping gene Gapdh.
Statistics
Histological scoring results were assessed using KruskallWallis test followed by a Dunn's multiple comparisons test. qPCR results were analysed by ANOVA, followed by Bonferroni's multiple comparison test, and compared by linear regression to array results. The significance of the correlation coefficients was tested using Student's t-distribution. All statistical analyses were performed in GraphPad Prism v.5 (GraphPad Software, San Diego, CA, USA), with the statistical unit being one joint from each animal included.
Results
Development of arthritis and histopathology of CIA from onset to decline of clinical symptoms After immunization with chicken CII, mean onset of arthritis was observed on day 31 ± 8.8. Mean score of arthritis peaked six weeks after boost with a mean score of 4.6 ± 1.8. In order to study local arthritis development, onset and severity of arthritis in the tarsal joint was recorded in detail.
For the histological study, a total of 52 tarsal joints were used. Fourteen were sampled between day 0 and 4, ten between day 4 and 7, eleven between week 1 and 2, and seventeen after week 2 of clinical inflammation onset. After week 2, twelve samples showed declining clinical symptoms. Little variation in the appearance of synovitis, peritendinitis, and bone remodelling was noted within the groups. The data are in accordance with a previously published study showing occurrence of bony spur formation early after disease onset [3] .
Day 0 to 4 after clinical disease onset: The infiltration of inflammatory cells was equally pronounced when comparing the synovium (mean score 3.8 +/−0.4) and the peritendon (mean score 3.9+/−0.3) ( Figure 1A ). In 10/14 joints, fibroblast activity and fibrosis indicated chronic inflammation, while 4/14 joints had no signs of chronicity. Bone pathology was dominated by erosion (11/14 joints), initiated where the peritendon and synovium are attached to, or in close proximity to the bone, while the articular cartilage remained intact. Bone erosion was severe as judged by the presence of multinucleated osteoclasts (OC) and the extent of structural damage of the cartilage and bone tissue ( Figure 1B ). However, both OB proliferation, and collagen deposition, was observed in the periosteum and seemed, from visible staining ability, to have progressed into secretion of osteoid-like matrix in 3/14 joints ( Figure 1C) .
Day 4 to 7 after clinical disease onset: Severe fibrosis and synovitis approaching the articular cartilage, and resulting in erosion of the articular cartilage, was observed ( Figure 1D ). In areas of less severe inflammation, pronounced OB activity and onset of endochondral ossification was noted as judged from the appearance of hypertrophic cartilage. Bone erosion (mean score of 3.1+/−1.3) and bone formation (2.2+/−1.1), was observed in 9/10 joints.
Week 1 to 2 after clinical disease onset: Bone erosion (score 2.6+/−1.4) and bone formation (score 2.9+/−1.1) was pronounced and observed in 10/11 joints. Endochondral ossification was dominating (Figure 2A ). Ankylosis was noted from day 8 and consisted of an inner layer of remodelled bone, followed by a cartilage layer.
The outer lining layer of the bone-forming lesion consisted of mesenchymal cells ( Figure 2B ). In most joints, inflammation was severe, but gradually disappearing and replaced by severe fibrosis with yet active fibroblast proliferation.
Two weeks after clinical disease onset: The clinical severity of inflammation was declining in most joints, although 5/17 joints still showed severe clinical signs. In the joints with severe clinical arthritis, accumulation of cartilage was still apparent, while in joints with declining clinical symptoms, an increase in what was observed as mineralisation of cartilage and newly formed bone took place, in addition to modification of the newly formed bone by OCs ( Figure 2C) .
By comparing the development in scores for bone erosion and bone formation, respectively, a significant difference over time was observed with the greatest development in scores of bone formation (P = 0.0186 vs. P <0.0001) ( Figure 2D ).
Gene expression in joints from mice with CIA normalises after two weeks of inflammation
Having examined the bone remodelling after clinical onset of arthritis histologically, we aimed at describing the time course of bone remodelling by global gene expression profiling ( Figure 3A and B).
Unsupervised hierarchical clustering grouped the samples into a phase of high transcriptional activity between week 0 and 2, and, subsequently, a period of declining transcriptional activity. One sample from the declining disease phase (decline 10) clustered together with the controls, showing that the gene expression pattern normalised in the late disease phase ( Figure 3A ). In the first three days, 908 genes displayed a +2-fold change in the transcriptional level, while 749 genes were differentially expressed in week 1 to 2 (>2 fold change, P <0.05). The IPA showed that the top biological functions, canonical pathways, and upregulated genes were dominated by genes involved in arthritis and the immune system in general, in connective and skeletal tissue disorders and remodelling, as well as tissue development and function (Table S5A (Table 1) . Moreover, pregnancy-associated plasma protein A (Pappa) was strongly upregulated when comparing day 0 to 3 with week 1 to 2 (fold change +2.3) ( Table 2) . A muscle-and epidermis-specific gene expression signature was found among the most downregulated genes when comparing day 0 to 3 and control samples (Table 1) .
In week 3 to 4 after onset of disease, the number of two-fold differentially expressed genes had decreased to 353 ( Figure 3B ). The pathway profile changed accordingly, and was dominated by tissue remodelling and developmental pathways, although an inflammatory gene expression signature was still present (Table S5C and D in Additional file 5).
A comparison of gene expression between week 0 to 2 and week 3 to 4 revealed considerable up-regulation of several epidermal genes (fold changes between 3.8 and 13.9) in the samples collected three to four weeks after onset of arthritis ( Table 1) .
The expression pattern of 15 differentially expressed genes was verified by qPCR. Of these, 12 genes correlated significantly with the gene expression pattern obtained from the microarray profile, while three genes showed the same expression pattern, but the correlation was not significant. The expression of Bmp1 is shown in Figure 3C and D (r 2 = 0.7, p < 0.0002), and the remaining validation data are shown in Figure S6 in Additional file 6 and Figure S7 in Additional file 7 and with the corresponding r 2 and P-values in Table S8 in Additional file 8.
To identify genes associated with the observed bone pathology, we focused on genes, differentially expressed at the different time-points, which were related to bone and skeleton in the IPA Bio Functions. The genes and associated Bio Functions reflected the bone remodelling process (Table S9 in Additional file 9), and their number and effect size declined over time. The genes and their expression profiles are shown individually in Table S10 in Additional file 10.
Distinctive expression profiles of genes involved in osteoblast and osteoclast functions
The differentially expressed genes, related to bone, from Table S10 in Additional file 10, were divided into profiles and are shown separately in Table 2 . Profile one encompassed genes with the highest expression on day 0 to 3 with a subsequently declining profile. These were in particular genes encoding proteins involved in OC differentiation and function (Ccl9, Tyrobp, Atp6v0d2, Lif; fold changes between 2.0 and 9.2), in addition to ECM formation and collagen type 1 assembly (Bmp1, Crtap, Tnc, Lox; fold changes between 1.9 and 10.6) [9] [10] [11] [12] [13] [14] (Table 2 , Figure 4A , and Table S10 in Additional file 10). In profile two, genes with the highest expression in week 1 to 2, followed by a declining expression pattern, were included. These were in particular genes encoding proteins involved in mineralisation and osteoblast function (Sp7, Spp1, Mgp, Sparc, Enpp1, Bglap1, Ifitm5; fold changes between 1.5 and 4.5) [15] [16] [17] [18] [19] [20] [21] (Table 2 , Figure 4B and Table S10 in Additional file 10). Integrin-binding sialoprotein (Ibsp; fold change +3.0) also belongs to this group [20] , but showed the highest expression in week 3 to 4. Moreover, a large group of genes showed a sustained differential expression pattern at day 0 to 3 and week 1 to 2. These included genes involved in osteoblast functions and ECM formation (Col1a1, Col1a2, Ogn, Bgn, Col12a1, Ppib, Lum, Hapln1, Cthrc1, Postn; fold [7] , and the g PGIA arthritis model versus control [8] , *Differentially expressed epidermal specific genes in arthritic joints from the present study and the TNFα overexpressing model [7] . Ctrl, control; PGIA, proteoglycan-induced arthritis; TNFα, tumour necrosis factor alpha. Table 2) . Finally, tissue destruction was reflected by up-regulation of the genes for four metalloproteinases (MMPs): the MMP inhibitor Timp1; acid phosphatase 5 (Acp5); cathepsin K [28] ; cathepsin S [29] , and additional cathepsins. These genes were among the most highly expressed, throughout disease development (Table 1, Table 2 and Table S10 in Additional file 10).
Differential expression of genes belonging to the BMP pathway
Differentially expressed genes related to the BMP pathway included the genes encoding the BMP type I and type II receptors (Bmpr1a and Bmpr2, fold change +2 at week 1 to 2 and day 0 to 3, respectively), and proteins downstream of the BMP signalling pathway (Smad2 and Smad6, fold change +2.1 at week 1 to 2 and −1.8 at day 0 to 3, respectively) (Table 2, Figure 5 and Table S10 in Additional file 10). The BMP ligand Bmp2 (fold change +1.7 at day 0 to 3) together with Smad4 (fold change +1.3 at day 0 to 3) and Smad5 (fold change +1.4 at day 0 to 3) showed the same marginal change in expression pattern. The BMP ligands Bmp4, Bmp6, and Bmp7 were slightly downregulated (fold change between −1.7 to −1.3 at day 0 to 3). High upregulation of the gene for Inhibin beta A (Inhba; fold change +5.6 at day 0 to 3) was found, in addition to minor expression changes in the genes of some of the transforming growth factor beta (TGFβ) receptors (Acvr2a and Acvr2b) bound by this protein (Table 2 and Figure 5A ).
Differential expression of genes belonging to the WNT pathway
Within the group of genes related to the WNT pathway, the genes for the receptor FZD1 (fold change +1.7 at day 0 to 3) and transcription factor TCF4 (fold change +1.7 at week 1 to 2) were differentially expressed, in addition to a number of WNT inhibitors. These included the hypoxia-induced Hif1a, which showed more than 4-fold up-regulation and Sost and Ndrg2, which were between 2 and 5.6-fold downregulated. The well-described WNT inhibitor Dkk1 was slightly downregulated (Table 2 and  Table S10 in Additional file 10). in week 3 to 4, e in the declining disease phase. The highest differential expression value and corresponding p-value of each gene are shown in bold italics. AS, ankylosing spondylitis; BMP, bone morphogenetic protein; BGN, biglycan; CCR1, C-C chemokine receptor type 1; Ctrl, control; DMP1, dentin matrix acidic phosphoprotein1; IGF, insulin-like growth factor; KO, knockout; MDK, midkine; OB, osteoblast; OC, osteoclast; RA, rheumatoid arthritis; SLRP, leucine rich repeat containing 6; TCF, T-cell-specific transcription factor; TGFβ, transforming growth factor beta. Figure 4 (See legend on next page.)
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Comparison to genome-wide association studies in human arthritis
Some of the genes differentially expressed in the herein presented study have been linked to human arthritis in genome-wide association studies (GWAS) ( Table 2) . Of those genes, several are involved in cartilage-and bone remodelling (underlined in Table 3 ).
Discussion
In this study, we have shown that in CIA, major histopathological changes, comprising inflammation as well as bone formation and ankylosis, occur within the first two weeks after the inflammatory symptoms become clinically apparent in a joint. Moreover, we have shown that the histopathology is reflected at the gene expression level, where a number of genes, coding for proteins important in inflammation and bone remodelling, are differentially expressed within the same time period after disease onset. This suggests that the CIA model is relevant for the osteoproliferative inflammatory arthritis in PsA and AS.
Bone formation in the murine CIA model has been described as starting in the subacute inflammatory disease phase, two to four weeks after onset of arthritis, but mainly playing a role in the healing state two to three months after onset [2] . However, no studies disclose any molecular details regarding bone formation throughout the arthritis disease course. Recently, Schett et al. [3] performed a histological study of new bone formation in the rat CIA and AIA models. In their study, periosteal proliferation was noted on day 3 (CIA) and day 5 (AIA) after onset of arthritis and new bone formation peaked at day 27 after onset of arthritis in both models.
The link between joint inflammation and bone remodelling is not clear. In human arthritis, areas with inflammation were shown to be predictive of bone formation [42] , but bone formation does not seem to be blocked by anti-tumor necrosis factor alpha (TNFα) treatment [43] . In the present study, we have shown that in the murine CIA model, bone formation is (1) initiated during active inflammation, (2) develops in parallel with the inflammation, and (3) that the bone mineralises and remodels when clinical inflammatory signs are declining.
The molecular events underlying inflammation and bone remodelling were investigated using gene expression profiling. The results are based on a first kinetic mapping of global gene expression in the joint during clinical onset and development of arthritis. Expression of specific genes might differ depending on the microanatomical site within the joint and future studies of proteins important in the interplay between inflammation and bone formation should address this. We found that the bone pathology observed histologically was reflected in the Bio Functions, significantly associated with differentially expressed genes, from onset to decline of clinical arthritis in the joint. Moreover, genes involved in inflammation and bone remodelling were co-expressed during the first two weeks after onset of clinical arthritis and, hereafter, the gene expression gradually normalized to control levels, while the clinical inflammation was declining. A muscle-specific signature was observed among the most downregulated genes during the first two weeks after onset of arthritis. This may reflect muscle inactivity and atrophy observed in the model [44] and may translate to the impaired muscle function observed in arthritis patients. However, since animals in the acute disease phase also lose weight, this may partly explain some of the gene expression changes observed in muscle-specific genes.
Several metalloproteinases and cathepsins associated with human arthritis showed sustained, high expression during the entire disease course (Table 1, and Table S10 in Additional file 10). These reflect tissue destruction, in addition to being a link between bone erosion and bone formation. MMP9 and MMP13 have been shown to play a crucial role in endochondral bone formation, as well as in matrix degradation and in OC and osteoprogenitor differentiation [45, 46] .
Genes with the highest fold change at day 0 to 3 after onset of clinical arthritis reflected osteoclast function and differentiation, in addition to ECM formation and collagen type 1 assembly, while genes showing the highest fold change at week 1 to 2 or week 3 to 4 encompassed a well-known group of OB markers and genes involved in mineralisation (Table 2, Figure 4A and B). These variations in gene expression pattern mirror the development in OB differentiation and function, as gene expression is specific for the differential stages of the OB [47] . The gene expression profiles followed the histological observations: bone erosion, periosteal proliferation and osteoid secretion, was observed in the initial phase followed by onset of (See figure on previous page.) Figure 4 Gene expression networks during osteoblast activity in early and late phases of joint inflammation. A) A network of genes related to osteoblast activity, in particular collagen type I assembly and cross-linking, during the early phase of clinical disease. Colours and colour intensity indicate upregulation (red) or downregulation (green) regulation of genes at day 0 to 3, where most of the genes showed the greatest fold change in comparison to non-induced controls. One exception is Dmp1, which became upregulated at week 3 to 4. B) A network of genes related to osteoblast activity, in particular mineralisation, during the late phase of clinical disease. Colours and colour intensity indicate upregulation (red) or downregulation (green) regulation of genes at week 1 to 2, where most of the genes showed the greatest fold change in comparison to non-induced controls. One exception is Ibsp, which was most highly upregulated in week 3 to 4. Figure endochondral bone formation and mineralisation in weeks 1 to 2. The data support a model for bone remodelling during arthritis, where bone erosion is mainly taking place during the very early phase of clinical arthritis, with the onset of tissue remodelling and bone formation following shortly after, developing in parallel with the inflammation.
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When the inflammatory response ceases, the addition of new bone decreases, and the hitherto created bone is remodelled and mineralised. As suggested by the histological results, the newly formed bone may be created in different processes depending on the microanatomical site. Thus, addition of bone in the periosteum takes place [40] . The encoded protein is expressed by OB in areas of bone formation. KO mice have skeletal abnormalities with less mechanical strength and reduced matrix deposition [24] . in week 3 to 4, e in the declining disease phase. Genes shown in bold are encoding proteins with a known function in cartilage-or bone remodelling. Ctrl, control; GWAS, genome-wide association studies; IL-6, interleukin 6; KO, knockout; NFκB, nuclear factor kappa B; OA, osteoarthritis; OB, osteoblast; OC, osteoclast; RA, rheumatoid arthritis; WNT, wingless-type.
first, without preceding cartilage formation, while osteophytes at the joint margin are created in a process resembling endochondral ossification ( Figure 6 ). A comparison of the present data to the proteoglycan-induced arthritis (PGIA) model reveals a high degree of similarity concerning the mixed anabolic and catabolic bone remodelling profile [8] . In contrast, the TNFα-transgenic arthritis mouse model showed a primarily catabolic bone remodelling profile, while genes representing the osteoproliferative response showed no or marginally differential expression [7] . This is in line with a general comprehension of the TNFα-transgenic mouse as a mainly erosive model, while the PGIA and CIA models demonstrate osteoproliferative arthritis. All three models showed a strong up-regulation of Mmps and Timp1. Data are compared in Table S10 Additional file 10.
Highly differentially expressed genes encoding proteins involved in bone formation between day 0 to 3 of clinical arthritis are potential links between inflammation and bone formation. Two of these genes are the insulin-like growth factor (IGF)-dependent proteinase pregnancy-associated plasma protein A gene (Pappa) and periostin (Postn). In addition, genes particularly involved in early ECM formation, preceding bone formation, are potential candidates. The PAPP-A protein is an anabolic growth factor in bone in vivo and in vitro [48, 49] and regulates bioavailability of Insulin-like growth factor (IGF) involved in bone formation [50] , and also differentially expressed. Expression of Pappa is stimulated by inflammatory cytokines in several cell types, including OBs, and macrophages isolated from artherosclerotic lesions [51, 52] . It has recently been identified as a marker of inflammation in acute coronary syndrome [53] . Furthermore, Pappa knockout mice display disturbed bone formation [54, 55] , while mice overexpressing Pappa have increased bone formation [48, 49] . Thus, Pappa expression might be induced in the early inflammatory environment and the protein could be involved in initiating bone formation in the CIA model.
The Postn gene is one of the highly differentially expressed genes with a proposed role in bone remodelling. Figure 6 Bone remodelling in the CIA model. Model of bone remodelling during the course of clinical arthritis. The proposed dominating process in the bone is shown in the top part of the figure. Differentially expressed genes, encoding proteins with a function in bone remodelling, are divided into groups according to function and time point of highest differential expression in comparison to the control. All genes are upregulated in comparison to the control at the indicated time-point. Group 1: genes encoding proteins involved in osteoclast function and differentiation; Group 2: genes encoding proteins with a function in extracellular matrix formation and collagen type I assembly (highest differential expression at day 0 to 4); Group 3: genes encoding proteins with a function in extracellular matrix formation and collagen type I assembly (sustained high differential expression on day 0 to 4 and week 1 to 2); Group 4: genes with a function in mineralisation of bone (highest differential expression in week 1 to 2); Group 5: genes with a function in mineralisation of bone (highest differential expression during week 3 to 4). CIA, collagen-induced arthritis; ECM, extracellular matrix.
